Background: Welding exposes workers to manganese (Mn) fumes, but it is unclear if this exposure damages dopaminergic neurons in the basal ganglia and predisposes individuals to develop parkinsonism. PET imaging with 6-[ 18 F]fluoro-L-dopa (FDOPA) is a noninvasive measure of nigrostriatal dopaminergic neuron integrity. The purpose of this study is to determine whether welding exposure is associated with damage to nigrostriatal neurons in asymptomatic workers.
There are approximately 466,000 full-time welding and soldering workers in the United States 1 and over 1 million workers who perform welding as part of their job functions. 2 Concerns about the exposure to welding fumes and their constituents, particularly manganese (Mn), and subsequent neurologic complications including parkinsonism and idiopathic Parkinson disease (IPD) have increased over recent years. 3 Many welders are regularly exposed to Mn levels beyond the American Conference of Governmental Industrial Hygienists threshold limit value of 0.2 mg/m 3 . 4, 5 While an exposure-response relationship between Mn or welding fume and parkinsonism has not yet been determined, demonstration of neurotoxicity in exposed workers would have substantial public health impact for the US workforce and economy. 6-[ 18 F]Fluoro-L-dopa (FDOPA) PET imaging noninvasively measures in vivo dopaminergic presynaptic nerve terminal dysfunction. 6 Previous FDOPA PET studies in patients with Mn toxicity have been limited and the results conflicting. FDOPA PET in 4 smelter workers with high levels of Mn exposure and clinical parkinsonism demonstrated normal FDOPA uptake. 7 Subsequent studies have found presynaptic dopaminergic dysfunction in Mn-exposed subjects with symptomatic parkinsonism in a pattern similar to subjects with IPD 8 -10 ; however, coincident IPD in these subjects cannot be excluded. To avoid this confound, this study investigates dopaminergic function using FDOPA PET in a group of relatively young, healthy, asymptomatic Mn-exposed welders in whom coincident IPD is unlikely. Demonstration of dopaminergic dysfunction in these workers would have substantial public health impact for worker safety and could provide a critical link in understanding the relationship among environmental Mn exposure, parkinsonism, and IPD.
METHODS Standard protocol approvals, registrations, and patient consents. This study was approved by the Washington University School of Medicine Human Research Protection Office and all subjects signed a written consent form. Welder data are presented in aggregate to protect individual subject confidentiality.
Subjects. Welders were recruited from 2 Midwestern shipyards and one fabrication company from April 16, 2007 , through November 6, 2009 , where they were primarily engaged in ship building/repair and heavy industrial equipment fabrication. The welding processes most commonly used by these welders were flux core arc welding, shielded metal arc welding ("stick" welding), and gas metal arc welding, mainly on carbon steel. Subjects with IPD and healthy controls were recruited through the Movement Disorders Center at Washington University for a 1:1:1 comparison with the welder group. All subjects were evaluated by a movement disorders specialist with an examination that included a Unified Parkinson's Disease Rating Scale motor subsection 3 (UPDRS3). 11 Welders were excluded from participation if they had less than 100 hours of welding exposure or if they had comorbid neurologic disease that affected the UPDRS3 rating. Welders and control subjects were also required to be asymptomatic, defined as never previously seeking treatment or evaluation for parkinsonism or tremor. Control subjects were excluded for a total UPDRS3 score Ͼ3 or rest, postural, or action tremor Ͼ1. All subjects were screened for prior drug (prescription and recreational) exposures and were excluded for neuroleptic or amphetamine use. Subjects with IPD had probable PD according to the criteria proposed by Gelb et al. 12 Welding subjects completed a vali-dated exposure questionnaire and provided blood samples for Mn levels. 13 MRI and FDOPA PET studies. A high-resolution 3-dimensional magnetization-prepared rapid gradient echo (MPRAGE) image (1 ϫ 1 ϫ 1.25 mm voxels) was acquired on each subject using a Siemens Magnetom Symphony, Sonata, or Trio scanner (Erlangen, Germany). A reviewer blinded to the clinical status of the subject outlined volumes of interest (VOIs) including the caudate, globus pallidus (GP), anterior and posterior putamen, and occipital regions on individual MPRAGE images. Striatal VOIs outlined the entire structure while the control regions comprised a pair of semicylinders on either side of midline in occipital cortex. Mn exposure is associated with increased T1 signal within the GP, and the intensity of the signal is traditionally measured in terms of a pallidal index (PI), defined as the ratio of T1 signal in the GP to a white matter reference region. PIs were calculated from the MPRAGE images as previously described 14 :
PI ϭ ͓͑left GP ϩ right GP͒/͑left control region ϩ right control region͔͒ ϫ 100
The MPRAGE image then was coregistered to a composite FDOPA PET image for each subject using Automated Image Registration (AIR). 15 PET images were acquired using a Siemens/CTI 953B, ECAT EXACT HR, or EXACT HRϩ scanner (Knoxville, TN). Dopaminergic medications were held for 12 hours prior to the study. All subjects were given carbidopa (Lodosyn ® , Merck & Co., Inc., Whitehouse Station, NJ) 200 mg orally 1 hour prior to FDOPA administration. Attenuation was measured using 68 Ga-68 Ge rotating rod sources. Dynamic emission scans were acquired in 3-dimensional mode following injection of FDOPA (3-5 mCi). Emission scans were corrected using individual attenuation and model-based scatter correction and reconstructed using filtered back projection with a ramp filter cutoff at the Nyquist frequency. Individual frames were aligned to each other to correct for movement between frames using AIR. 16, 17 The PET scanners, EXACT HR and HRϩ, have similar 3-dimensional spatial resolutions of approximately 4.5 mm full width at half-maximum in all 3 dimensions for central regions of the field of view while the older 953B has a 3-dimensional spatial resolution of approximately 6 mm. To correct for different partial volume effects due to spill-out of higher gray matter (GM) activity and to spill-in from lower activity of adjacent white matter (WM) and CSF, we corrected regional PET counts as follows. The MPRAGE was segmented into GM, WM, and CSF using Statistical Parametric Mapping (SPM5, 2005). These individual tissue images were smoothed to the resolution of the PET using a 3-dimensional Gaussian filter prior to coregistration and reslicing to the PET images. We assumed that CSF has no FDOPA activity and that WM has uniform FDOPA uptake. While we corrected control regions to reflect GM activity, we did not correct striatal VOIs for any internal WM. Therefore, the computed values of K i represent FDOPA uptake for the entire structure relative to nonspecific GM uptake in occipital cortex. The partial-volume-corrected GM FDOPA activity of each VOI was computed as follows:
Corrected counts ϭ ͑mean counts Ϫ WM fraction ϫ mean WM counts͒/GM fraction where counts are decay-corrected PET activity, and the WM fraction, GM fraction, and mean WM counts were determined as described above.
The transformation matrix generated by coregistering MPRAGE to PET was used to resample magnetic resonance (MR)-defined VOIs. VOIs for PET comprised voxels in which at least 50% of each voxel was within the corresponding MRdefined VOI. Decay-corrected regional PET counts were extracted from dynamic PET images using these VOIs. Net FDOPA uptake (K i ) was computed using Patlak graphical analysis of the time-activity data from 24 to 94 minutes postinjection and reflects levodopa transport, decarboxylase activity, and dopamine storage capacity. 18 For our power calculation, we assumed that exposed welders would have a posterior putamen K i of 0.011 Ϯ 0.001, representing a 10% reduction from normal subjects. A sample size of 20 per group, assuming loss of 2 subjects per group, provided over 90% power to detect a 10% difference between welders and normal subjects.
Statistical analysis. Age, UPRDS3 scores, and PIs were compared among the 3 diagnostic groups using analysis of variance (ANOVA). If ANOVA demonstrated an overall significance at p Ͻ 0.05, a Scheffe test was used to examine differences between diagnostic groups. A Fisher exact test was used to analyze the relationship between gender and diagnostic categories. Effects of gender and age on regional K i were separately examined within the control group. Variables with significant effects ( p Յ 0.05) on regional control K i s were considered for inclusion as covariates into the main GLM analysis. Within the welder cohort, relationships among Mn blood levels, welding exposure hours, PIs, and K i s were examined by Pearson correlation. Repeatedmeasures GLM analysis was used to examine the effects of diagnostic group and region on regional K i values. In addition, the interaction between diagnostic group (between-subjects variable) and region (within-subject variable) from the repeated-measures GLM analysis was used to examine differences in the patterns of FDOPA K i s across regions in the 3 diagnostic groups. Post hoc analyses of covariance (ANCOVAs) were performed to compare differences between diagnostic groups for each region. The statistical software SPSS for Windows v17.0 (Chicago, IL) was used for data analysis.
RESULTS There was no difference in age among the 3 groups (ANOVA, F ϭ 2.06, p ϭ 0.14). Gender was unevenly distributed between diagnostic categories (Fisher exact test, p ϭ 0.01) with women underrepresented in the welder group. Demographic characteristics for the 3 diagnostic categories are in table 1. Welders had mean lifetime exposures of 30,968 Ϯ 26,842 welding hours and average Mn levels 2 times the upper limits of normal (20.7 Ϯ 13.6 g/L, normal values Ͻ10.8 g/L). The PI was higher in welders compared to controls and subjects with IPD (ANOVA, F ϭ 101. 36, p Ͻ 0.001) (table 1). PIs increased with exposure hours (Pearson correlation, r ϭ 0.41, p ϭ 0.07) but were less strongly linked with Mn levels (Pearson correlation, r ϭ 0.17, p ϭ 0.52) within the welder group. UPDRS3 scores differed by diagnostic group (ANOVA, F ϭ 37.69, p Ͻ 0.001). Asymptomatic welders demonstrated mildly elevated average UPDRS3 scores (8.33 Ϯ 3.82) despite no clinical symptoms and were different from the control group (post hoc Tukey HSD, p ϭ 0.004) (table 1). UPDRS3 scores did not correlate with PIs, exposure hours, or Mn levels.
The average estimated FDOPA-PET K i by region (left and right side combined) are in table 2. Neither gender nor age had a significant effect on K i values within the control group. However, given previous concerns that age affects FDOPA uptake, age was included in the GLM analysis as a covariate. 19 Repeated-measures GLM analysis demonstrated a main effect of diagnostic group, F 2,56 ϭ 58.26, p Ͻ 0.001, but not of region, F 2,55 ϭ 1.88, p ϭ 0.16. There was also a strong interaction between region and group within the model, F 4,112 ϭ 15.36, p Ͻ 0.001. To further understand the interaction, we performed follow-up ANCOVA analyses, again controlling for age, with pairwise comparisons between diagnostic groups. There were differences in K i s between groups for all regions (caudate, F ϭ 6.73, p ϭ 0.001; anterior putamen, F ϭ 36.40, p Ͻ 0.001; posterior putamen, F ϭ 54.67, p Ͻ 0.001). FDOPA uptake in welders was lower than controls in the caudate ( p ϭ 0.002) region but not the anterior ( p ϭ 0.13) or posterior putamen ( p ϭ 0.99). Diagnostic group comparisons for all regions and the patterns of uptake by group are illustrated in figure 1 . The regional pattern of uptake in welders was most affected in caudate Ͼ anterior putamen Ͼ posterior putamen. This pattern was reversed from the IPD subject pattern, which is also represented in figure 1. Representative FDOPA PET images from each of the diagnostic groups are in figure 2. There was no consistent relationship between PI, Mn levels, UPDRS3 scores, and K i by region. 
DISCUSSION
Our study demonstrates a mean reduction of 11.71% in caudate K i of asymptomatic Mn-exposed welders, suggesting presynaptic nigrostriatal dysfunction. These results differ from previous case reports 7, 9, 10 ; however, the total number of Mn-exposed FDOPA PET cases in the literature is 7 symptomatic patients. Therefore these studies were not powered to detect a difference on the order of 10%. Our current study has the advantage of including 20 asymptomatic Mn-exposed subjects, providing much greater power to detect a small change in striatal FDOPA uptake, a critical point in trying to detect evidence of subclinical neurotoxicity. Most importantly, studying younger, asymptomatic Mn-exposed workers markedly reduces the likelihood of coincident IPD that could bias the findings. This study provides compelling evidence for abnormal striatal uptake of FDOPA in asymptomatic, Mnexposed welders. Although our study demonstrates dopaminergic dysfunction, these in vivo measures cannot distinguish a neurotoxic effect of welding fume on nigrostriatal neurons from a regulatory effect on processes that alter FDOPA uptake. Recent studies in Mnexposed nonhuman primates may provide some insight into the underlying neuropathology associated with the reduced FDOPA uptake in these welders. Mn exposure in primates caused a marked reduction (51%) in amphetamine-induced displacement of [ 11 C]raclopride, suggesting an abnormality in presynpatic dopaminergic neurons. 20, 21 These primate findings support our conclusion that chronic Mn exposure produces clinical parkinsonism through presynaptic dopamine terminal dysfunction. Determining if a similar mechanism is responsible for our human subjects' reduced striatal FDOPA uptake will require further research.
The second important finding of this study is the distinct pattern of FDOPA K i reductions in welders across regions. In subjects with IPD, FDOPA uptake in the basal ganglia is decreased compared to normal control subjects, with the greatest reduction in the posterior putamen. 22 In general, welders demonstrated an anterior-posterior K i gradient with FDOPA uptake most affected in the caudate Ͼ anterior putamen Ͼ posterior putamen, which was anatomically reversed from the pattern demonstrated in subjects with IPD. There are several interpretations of differences in these regional K i patterns. The anterior predominant K i gradient found in these welders
Figure 1
Average FDOPA PET K i by region by group adjusted for age Average FDOPA PET K i by region for controls, welders, and subjects with idiopathic Parkinson disease (IPD) adjusted for age. *Different from controls, p Ͻ 0.01.
Figure 2 FDOPA PET images of decay-corrected counts from 24 to 94 minutes
FDOPA PET composite images of decay-corrected counts from 24 to 94 minutes from a representative control, welder, and subject with idiopathic Parkinson disease (IPD) normalized to the reference region. FDOPA uptake is reduced in the caudate region of the welder in comparison to the control subject while the posterior putamen is the most affected region in the subject with IPD.
may represent a distinct pattern of dopaminergic dysfunction specific to Mn exposure and could provide some insight into the atypical clinical characteristics of Mn toxicity. Clinical-pathologic case series in humans link lesions in the putamen to traditional motor symptoms of parkinsonism, while caudate lesions are more associated with psychiatric and cognitive changes. 23 Previous FDOPA studies in IPD have found lower caudate K i s are associated with poor performance on cognitive testing including reduced attentional functioning and working memory. 24 Classic descriptions of severe manganese toxicity include cognitive impairment, depression, and hallucinations, which are unusual in early IPD. 25 Similarly, welders with Mn exposure have difficulties with attention, concentration, and cognitive function. 26 Although this study focused on motor abnormalities in Mn-exposed welders, future investigation into the neuropsychological symptoms associated with these FDOPA PET findings may provide a pathophysiologic basis for Mn-associated cognitive and behavior abnormalities. Alternatively, the anterior striatal predominant pattern observed in our study may reflect a presymptomatic pattern that shifts to affect posterior striatum preferentially in more advanced, symptomatic stages. Unfortunately, there are little FDOPA data on the progression of the regional pattern differences in presymptomatic subjects at risk for parkinsonism. Older studies report reduced FDOPA uptake in asymptomatic family members in a pattern similar to sporadic IPD (putamen Ͼ caudate). 27, 28 However, a recent study found that FDOPA uptake in the anterior putamen of 4 asymptomatic heterozygous parkin gene carriers (K i ϭ 0.0108 Ϯ 0.0018) was lower than 15 control subjects (K i ϭ 0.0132 Ϯ 0.0012), whereas there were no significant differences between caudate or posterior putamen. 29 These preliminary findings raise the question of whether the pattern of striatal dysfunction changes as degeneration progresses. Follow-up studies in these asymptomatic subjects would address this issue.
There are several potential limitations of this study. Welding fumes contain a number of elements and gases 30 and this study cannot exclude a contribution from other substances in welding fumes. However, Mn is most strongly associated with parkinsonism and these welders had both elevated blood Mn levels and the increased pallidal signal characteristic of Mn exposure. Moreover, this study demonstrates an association between common types of welding exposures and dopaminergic dysfunction but did not investigate causation. Although our study suggests that welding-exposed workers have a characteristic pattern of dopaminergic dysfunction, demonstration of a dose response between welding fume exposure and striatal uptake of FDOPA would provide even stronger evidence for cause and effect. Welders demonstrated a small but significant elevation in UPRDS3 scores as compared to controls; however, there was no correlation between the UP-DRS3 score and regional K i s. Detecting a significant correlation may require a broader cross-section of welders with a wider range of UPDRS3 scores. The clinical implications of these modest elevations in UPDRS3 will require additional study. Finally, striatal FDOPA uptake reflects dopa decarboxylase activity which upregulates in dopamine-deficient states, thus underestimating the degree of nigrostriatal neuronal loss. Ideally, imaging with a less regulated presynaptic marker of dopaminergic dysfunction such as (ϩ) -11 C-dihydrotetrabenazine ( 11 C-DTBZ) would provide additional proof of our findings. 
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